The fungus, Phycomyces blakesleeanus, shows many well-defined responses to a number of external stimuli. Genetic analysis shows that at least eight genes are involved in Phycomyces sensory transduction. As a first step toward the molecular analysis of these genes and their products, we have developed a transformation protocol for Phycomyces by using a plasmid containing the kanamycinresistance gene from Tn9O3 and a Phycomyces DNA fragment capable of supporting autonomous replication in yeast (ARS). Our results demonstrate that the Tn9O3 gene is expressed in Phycomyces and that the ARS fragment selected in yeast supports autonomous replication in Phycomyces as well.
The sense organs of all organisms perform the highly specialized task of perceiving and processing external stimuli. The molecular mechanisms involved in sensory transduction are, as yet, obscure. The lower fungus, Phycomyces, may provide a highly desirable model system for exploring these mechanisms (for a review see ref. 1) . The sporangiophore of Phycomyces, a gigantic single-celled cylindrical aerial hypha, is sensitive to at least four distinct stimuli: light, gravity, stretch, and an unknown stimulus by which it avoids solid objects. Extensive genetic analyses have shown that at least eight complementation groups (the mad genes) are involved in the action network that controls responses of Phycomyces to various input signals (2) (3) (4) (5) . The mad mutants fall into two groups: the night-blind mutants (class 1), which show elevated threshold for photoresponses but are normal in responses to stimuli other than light; and the "stiff' mutants (class 2), which are characterized by defective growth responses and tropism of the sporangiophore to all stimuli. The Phycomyces mycelium, like the sporangiophore, is also light responsive. Upon illumination, the mycelium shows increased production of A-carotene and enhanced initiation of sporangiophores (2, (6) (7) (8) (9) . The mycelial responses permit the division of class 1 mutants into two subclasses: class 1.1, which is defective in photophorogenesis; and class 1.2, which is normal for this response. The class 1.1 is also slightly abnormal in light-induced carotene synthesis (2) . Fig. 1 shows the signal transduction channel of Phycomyces as inferred from the behavior of the available mad mutants (adapted from ref. 5 ).
We have recently initiated studies aimed at isolating the Phycomyces genes involved in sensory perception and investigating how interactions among the products of such genes lay down the network required for signal processing. The availability of well-defined mutations in the transduction pathway together with current techniques in molecular genetics makes our goal a realistic one. In this communication, we report the successful completion of the first step toward that goal-namely, the transformation of Phycomyces by an autonomously replicating plasmid.
MATERIALS AND METHODS
Strains. The yeast strain SI502B (MATa leu2-3,112 his3 ura3-52 trpl) was used. The Phycomyces strain A459 [nicA101, madBJ06(-)] was the recipient in transformation experiments. Construction, propagation, and amplification of hybrid plasmids were carried out in Escherichia coli strain DH5 (F-, endAl, hsdR17, supE44, thi-1, recAl, gyrA96, relAl, rjj,m').
Miscellaneous Methods. Transformation of E. coli was performed by the method of Mandel and Higa (10) . Yeast transformations were done as described by Beggs or by Ito et al. (11, 12) . Yeast DNA was prepared according to Cryer et al. (13) . Plasmid DNA from E. coli was isolated by the method of Ohtsubo et al. (14) . Phycomyces DNA was extracted as follows: 2-to 3-day-old mycelia were frozen in liquid N2 and ground thoroughly with a mortar and pestle. Three volumes of extraction buffer (10 mM Tris HCl, pH 7.5/1 mM EDTA/0.2% NaDodSO4) were added, and the slurry was shaken at room temperature for 10 min. After addition of an equal volume of phenol (equilibrated with 10 mM Tris'HCl/1 mM EDTA, pH 7.0), the mixture was shaken for 2 hr more at room temperature. The aqueous phase obtained by centrifugation was reextracted twice with chloroform/isoamyl alcohol (24:1, vol/vol) and the DNA was precipitated by addition of 2 vol of ethanol at room temperature. The precipitate was washed twice with 80% (vol/vol) ethanol and purified by CsCl density-gradient centrifugation. Electrophoretic fractionation of DNA on agarose gels, transfer of DNA to nitrocellulose, and hybridization to specific probes have been described (15) . DNA sequencing was done by the method of Maxam and Gilbert (16) . Chitinase was obtained from Sigma and chitosanase was prepared from Streptomyces as described by Price and Storek (17) . Restriction enzymes were purchased from New England Biolabs or Boehringer Mannheim and were used according to the suppliers' specifications.
RESULTS
Rationale for the Construction of a Phycomyces Vector. The ideal vector should be capable of (i) selection and (ii) propagation in Phycomyces, and (iii) should be easily recovered in E. coli. The choice for the selectable marker was the kanamycin-resistance gene derived from the bacterial transposon Tn903. The gene encoding the aminoglycoside phosphotransferase-3' (responsible for G-418 resistance) from Tn5 or Tn903 has been successfully expressed in yeast, in Dictyostelium, and in higher cells (18) (19) (20) . In yeast, it would appear that the expression of the Tn903 kanamycinresistance gene can be driven by its native promoter. However, expression of the corresponding TnS gene has been achieved in Dictyostelium by placing it under the control of Abbreviations: ARS, autonomously replicating sequence; ARSP, Phycomyces-derived ARS; bp, base pair(s). *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the actin promoter and in animal cells by placing it under the simian virus 40 promoter. We also made the reasonable, but not foolproof, assumption that a Phycomyces DNA segment capable of supporting autonomous replication in yeast (ARS) is likely to behave as an ARS in Phycomyces as well. As described below, a plasmid, pJL2, which embodies the above features, can indeed transform Phycomyces to G-418 (geneticin) resistance and is capable of extrachromosomal existence ( Fig. 2A (Fig. 2B) . BAL-31 deletions that extend into the Phycomyces fragment (rightward from the EcoRI site or leftward from the Xba I site) revealed that the ARS activity is confined to a region -180 bp long. The DNA sequence ofthis region reveals a high A+T content and includes the 12-bp consensus sequence TT-TATR1TI4, which is conserved in all DNA sequences that support autonomous replication in yeast (ref. 21; Fig. 2) .
Transformation (24) , and incubated with gentle shaking at 18°C for 14 hr. The young germlings were harvested by centrifugation and washed twice with sterile water. Spheroplasts were formed by using a mixture of chitinase and chitosanase (22) . The spheroplasts were collected by centrifugation at 5000 x g for 6 min and freed of the chitinase and chitosanase by two washes with 0.5 M sorbitol.
The efficiency of spheroplasting by this method was 50-75%, and the viability of the spheroplasts was >30%. About 107 spheroplasts (in 0.2 ml) were incubated with 2-20 ,g of pJL2 DNA at 0°C-4°C with occasional shaking for 30 min. Polyethylene glycol (PEG) 6000 (2.5 ml) was added and incubation was continued for a further 20 min at room temperature. The spheroplasts were then spun down at 5000 x g for 10 min and washed twice with 0.5 M sorbitol. They were resuspended in rich liquid medium containing 0.5 M sorbitol (SIVYC; ref. 24) and incubated at room temperature for 2 hr. The spheroplasts, after recovery by centrifugation, were resuspended in 5 ml of SIV plus nicotinic acid soft agar containing 0.5 M sorbitol and plates on SIV plates supplemented with nicotinic acid and containing G-418 (geneticin) (250 ,g/ml). After 1 kbp) cloned into the HindIII site of pUC19. The plasmid also contains the 900-bp EcoRI/Xba I Phycomyces DNA fragment that functions as an autonomously replicating sequence in yeast. Plasmid pJL2 was derived from pJL1 by cloning the 1.5-kb EcoRI fragment that encodes the kanamycin-resistance gene from Tn9O3. (B) Deletion analysis of the ARS from Phycomyces was carried out as follows. First the 900-bp EcoRI/Xba I fragment (ARSP) was cloned into pucl9 cut with EcoRI plus Xba I. The resultant plasmid was cut with EcoRl or with Xba I and BAL-31 treated to create the rightward and leftward deletions, respectively. After addition of a Sal I linker, the Phycomyces fragment was excised by Sal I plus Xba I (for the rightward deletions) or by Sal I plus EcoRI digestion (for the leftward deletions) and cloned into pUC19 containing the yeast URA3 gene to obtain the pJLAA and pJLAB series of plasmids, respectively. Except for the differences in the Phycomyces sequences, these plasmids are essentially identical in structure to pJL1. Brackets represent the left and right end points of the deletions. The ability of each of the deleted fragments to serve as ARS in yeast (measured by the frequency of transformation of a ura3 yeast strain by the pJLA plasmids) is indicated on the right-hand side. The functional ARS resides between the deletion end points of pJLAA2 and pJLAB4 (represented by the bar and labeled ARSPY). The DNA sequence corresponding to this region is also shown. The consensus sequence ATTTATRTTTl , which has been identified in all DNA fragments that function as ARS in yeast, is underlined. (C) Total DNA from G-418-resistant transformants of Phycomyces strain A459 was used to transform E. coli DH5 to ampicillin plus kanamycin resistance. The plasmids isolated from the transformants were digested with EcoRI (a, lanes 2 and 3) or with EcoRI and HindIII (b, lanes 2 and 3) and run alongside pJL2 treated similarly (lanes 1). The digestion pattern of the plasmids recovered from the transformants is indistinguishable from that of pJL2.
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containing 250 ,ug of G-418 per ml. After 4 days of growth, the mycelia were harvested and total DNA was prepared. The DNA was used either to transform E. coli DH5 to ampicillin resistance or for restriction enzyme Southern blot analysis. With 5-10 jug of DNA, we could obtain 20-40 ampicillinresistant transformants of DH5, all of which were also kanamycin resistant. Plasmids isolated from these transformants were identical to pJL2, as determined by extensive restriction enzyme analysis (Fig. 2C) . These (23), we calculate that the number of plasmid molecules per genome equivalent is 0.1-0.2. Thus, the majority of the nuclei are devoid of the plasmid. At least two interpretations can account for this result. First, it is not unlikely that of the 12-16 nuclei present within a germling at the time of transformation, only two or three may receive the plasmid, which could then be transmitted efficiently among the progeny nuclei at an average copy number of one per nucleus. Alternatively, it is possible that essentially all of the nuclei within a germling take up the plasmid during transformation; it is also possible that plasmid-bearing nuclei may harbor more than one copy of the plasmid per nucleus. Under such circumstances, the observed low plasmid density may arise as a consequence ofpoor replication ofthe plasmid and/or of its failure to be equally partitioned during nuclear division.
A useful attribute ofpJL2 is that as a vector it can be easily shuttled between Phycomyces and yeast. This property may enable us to identify Phycomyces genes that can complement yeast mutations and to understand their organization and controls by using the molecular genetic tools available for the yeast system. This is particularly important since, at present, the molecular genetics of Phycomyces is highly underdeveloped. Such analysis could reveal a dominant selectable marker that may be superior to the kanamycin-resistance gene of Tn9O3 in Phycomyces transformation. The experiments described in this paper establish a useful method for transforming Phycomyces by a replicating plasmid. With an increase in the efficiency of transformation, the isolation and cloning of the sensory genes should become feasible.
Note. While this manuscript was in preparation, Tere Suarez and Arturo Eslava informed us that they have also succeeded in expressing the Tn9O3 kanamycin-resistance gene in Phycomyces. We thank them for communicating their results prior to publication.
